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(54) Tide: METHOD TO IDENTIFY SPECIFIC INHIBITORS OF IMP DEHYDROGENASE 



(57) Abstract 

This invention relates to methods to identify specific inhibitors of the purine nucleotide synthesis enzyme, IMP dehydrogenase 
(IMPDH). IMPDH is an essential enzyme found in all free-living organisms from humans to bacteria and is an important thcrepcutic target. 
The invention allows the identification of specific inhibitors of any IMPDH enzyme which can be expressed in a functional form in a 
recombinant host cell. A variety of cukaryotic or prokaryotic host systems commonly used for the expression of recombinant proteins are 
suitable for the practice of the invention. The methods are amenable to high throughput systems for the screening of inhibitors generated by 
combinatorial chemistry or other methods such as antisense molecule production. Utilization of exogenous guanosine as a control component 
of the methods allows for the identification of inhibitors specific for IMPDH rather ton other causes of decreased cell proliferation. 
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ft/iETHOD TO IDENTIFY SPECIFIC INHIBITORS 



OF IMP DEHYDROGENASE 



BACKGROUND OF THE INVENTION 

The U.S. government may have rights in the present invention based 
on DOE grant No. KP11-04. 63000/011833 between Argonne National 
Laboratory and the U.S. Department of Energy. 

This invention includes recombinant genetic methods to identify 
specific inhibitors of the purine nucleotide synthesis enzyme, inosine 
5'-monophosphate dehydrogenase (IMPDH); an enzyme with favorable 
therapeutic potential in a variety of clinical settings. 

Developments in combinatorial chemistry allow the rapid and 
economical synthesis of hundreds to thousands of discrete compounds. 
These compounds are typically arrayed in moderate-sized libraries of small 
organic molecules designed for efficient screening. Combinatorial methods 
can be used to generate unbiased libraries suitable for the identification of 
novel inhibitors. In addition, smaller, less diverse libraries can be generated 
that are descended from a single parent compound with a previously 
determined biological activity. In either case, the lack of efficient screening 
systems to specifically target therapeutically relevant biological molecules 
produced by combinational chemistry such as inhibitors of important enzymes 
hampers the optimal use of these resources. 

Inhibitors of the enzyme IMPDH (EC 1.1.1.205) which catalyzes the 
formation of xanthine monophosphate (XMP) from inosine monophosphate 
(IMP), are sought for clinical use. In the purine de novo synthetic pathway. 
IMPDH is positioned at the branch point in the synthesis of adenine and 
guanine nucleotides and is, thus, the rate-limiting enzyme of guanine 
nucleotide biosynthesis. The guanine nucleotide products of the purine de 
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novo pathway are essential precursors for DNA and RNA biosynthesis. 
Guanine nucleotides are also an important component of vital cellular 
processes such as glycosylation, signal transduction, and regulation of 
metabolic pathways. Because of these essential functions involving the 
activity of IMPDH, all free living organisms contain the necessary genetic 
information to produce the IMPDH enzyme. At the present time, IMPDH 
coding regions have been identified for greater than 25 different species with 
representatives from the eukaryotic, prokaryotic, and archaeal domains. 

Because IMPDH is essential in providing the necessary precursors for 
DNA and RNA biosynthesis, normal tissues that exhibit increased cell 
proliferation generally exhibit increased IMPDH activity. Similarly, increased 
cell proliferation is accompanied by elevated enzyme activity in certain rat 
hepatomas with varied growth rates. These hepatomas manifest IMPDH 
activities that are disproportionately higher than those of normal tissues, 
suggesting that IMPDH is associated with cell proliferation and may be linked 
to either malignant cell transformation or tumor progression. Conversely, 
inhibiting IMPDH activity should restrict cell proliferation and induce toxicity 
or cell differentiation. 

The essential nature of IMPDH is also reflected in the diverse 
applications of IMPDH inhibitors in the areas of cancer chemotherapy, viral 
infections, immunosuppression, and autoimmune diseases. Several IMPDH 
inhibitors are being evaluated for their utility as antineoplastic agents. One of 
these, tiazofurin, has undergone Phase-l/ll studies to assess its efficacy 
against end stage leukemia in adult patients (Jayaram a/., 1992) and is 
moderately effective in inducing clinical remissions. Mizoribine and 
mycophenolate mofetil are both inhibitors of mammalian IMPDH useful for 
immunosuppression following organ transplantation (Halloran et al., 1996; 
Hughes et sL, 1996; Allison et al,, 1996). The immunosuppressive effects of 
IMPDH inhibitors would be useful in the treatment of chronic inflammatory 
diseases such as arthritis, diabetes or systemic lupus erythromatosis. 
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Another IMPDH inhibitor, ribavirin, is an antiviral agent used to treat 
respiratory syncytial virus (RSV) infections in pediatric patients (Smith ef ai, 
1991 ) and for the treatment of AIDS (Japour a/., 1996). 

These reports demonstrate the therapeutic value IMPDH inhibitors in 
5 a variety of clinical settings. The rapid accumulation of sequence information 

from various organisms will provide new IMPDH enzymes as potential 
therapeutic targets. Although there are several effective inhibitors of 
mammalian IMPDH enzymes, the utility of IMPDH inhibitors as antimicrobial, 
antifungal or antiparasitic therapeutic agents has not been widely 

10 investigated. These applications are important in view of the rapid spread of 

antibiotic, antifungal, and antiprotozoal resistance (Gillespie, 1997; Klepser 
1997). The emergence of opportunistic pathogens, especially in the 
immunocompromised host, and the widespread use of antibiotics have 
resulted in serious problems in treating infectious diseases 

15 Several effective inhibitors of human IMPDH such as mycophenolic 

acid (MPA) or ribavirin have been identified by nonsystematic methods. Such 
inhibitors of the human enzyme already have a demonstrated utility in several 
therapeutic modalities (Table 1). A method to identify new inhibitors of 
human IMPDH with improved selectivity or bioavailability would enhance the 

20 clinical utility of these therapeutic agents. In addition, investigation of the 

clinical or veterinary utility of IMPDH inhibitors as antimicrobial, antifungal or 
antiprotozoal agents would be facilitated by a rapid screening assay. These 
applications are important in view of the rapid spread of resistance to 
antimicrobial drugs. The emergence of opportunistic pathogens, especially in 

25 immunocompromised hosts, and the widespread use of antibiotics have 

resulted in serious problems in treating infectious diseases. In view of the 
need for new antimicrobial agents and the promising potential of IMPDH as a 
therapeutic target, new methods to efficiently identify IMPDH inhibitors would 
greatly expedite/enhance the clinical or veterinary applications of such 

30 agents. 
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Table 1. Clinically Useful Inhibitors of IMPDH 



Inhibitor 


Clinical Application 


Publications 


Tiazofurin 

Mizoribine (Bredinin) 
Mycophenolate mofetil 
Ribavirin 
Rivavirin 


Cancer therapy 
Immunosuppression 
Immunosuppression 
Antiviral therapy 
AIDS therapy 


Jayaram et ai, 1992 
Halloran etaf., 1996 
Allison et ai, 1996 
Smith ef a/., 1991 
Japour et ai, 1996 



There are fundamental differences in sensitivity to inhibitors and in 
kinetic parameters among the various IMPDH enzymes from eukaryotic, 
prokaryotic, and archaeal sources. Information in Table 2 was compiled from 
unpublished results of the inventors and the data in Hager ef a/., 1995, 
Therefore, a large number of candidate inhibitors should be screened to 
identify the most effective one for each application. However, there is not a 
procedure to systematically screen the various chemical agents for utility as 
IMPDH inhibitors. Therefore methods are needed for identifying new specific 
IMPDH inhibitors. 



Table 2. Comparison of IMP Dehydrogenase Sequences from 
Eukaryotic, Prokaryotic and Archaeal Sources. 



Characteristic 


Human 


Mycobacterium 
tuberculosis 


Pyrococcus 
Furiosus 


Molecular Weight(KDa) 


56 


54.7 


52.9 


Isoelectric Point (cal) 


7.1 


6.1 


5.9 


IMP-Km (:M) 


20 


50 




NAD-K„,(:M) 


35 


900 


50 


MPA-Ki(nM) 


20 


No inhibition 


Slight inhibition 



IMPDH isolated from bacterial sources has been determined to vary 
widely with respect to allosteric properties, size, and subunit composition. 
IMPDH isolated from E. coli has been purified and characterized as a 
tetramer of identical subunits. Unlike mammalian enzymes, the E. coli 
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IMPDH is reported to be insensitive to the inhibitory effect of the mammalian 
inhibitor, mycophenolic acid. In E. co//, IMPDH has been determined to be 
the product of the guaB locus. The sequence of the guaB structural gene 
and surrounding DNA has been determined to span 1.533 Kb and to code for 
an IMPDH subunit of 51 1 amino acids with a calculated molecular mass of 
54.512. 

The Bacillus subtilis IMPDH gene has been cloned and, upon 
reintroduction into a B. subtilis strain that overproduced inosine resulted in an 
increased production of guanosine, accompanied by a decreased 
accumulation of inosine. The IMPDH gene was localized on a 6.5-Kb insert 
and further localized to a Hind lll-partially digested 2.9-Kb fragment. 
However, the gene was not reported to have been isolated and no 
information was provided with respect to the DNA sequence of the gene. 

In summary, no general, efficient screening system for IMPDH 
inhibitors is available. Development of such an assay would enhance and 
accelerate the discovery of therapeutically useful inhibitors. 

SUMMARY OF THE INVENTION 

The present invention relates to novel and efficient methods to identify 
specific inhibitors of IMPDH using recombinant genetics. The methods 
include a prokaryotic, eukaryotic or archaeal host organism which is an 
auxotroph for IMPDH; a recombinant DNA vector system transfected into, or 
used to transform, said organism to produce a recombinant host organism 
which is capable of producing a functional IMPDH enzyme; suitable selection 
criteria to assess the effect of various chemicals/compounds on the growth of 
the recombinant host organism; and utilization of exogeneously added 
guanosine/guanine to validate the degree of specificity for inhibition of 



A suitable recombinant auxotrophic strain, the host organism, is 
preferably prokaryotic (microbial) such as a bacterium. A preferred 



IMPDH. 
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embodiment uses E. coli strain H712 as a host organism. Other organisms 
suitable for the practice of the invention include eukaryotic strains such as 
yeast, fungal, or insect strains (e.g. Neurospora or Drosophila). IMPDH 
auxotrophs have been described for representatives of these organisms 
(Nijkamp and DeHann, 1967; Geer and Wellman, 1980) and such organisms 
are appropriate for transformation and expression of foreign proteins. 

A host organism that is an auxotroph for IMPDH is transformed with a 
gene encoding exogenous IMPDH. This allows simple direct or differential 
testing of candidate inhibitors of IMPDH from various species. In vivo culture 
of the transformed host allows candidate inhibitors to be identified by their 
ability to inhibit transformed cell proliferation. Controls to confirm that the 
inhibition is effected through action on IMPDH are prepared by 
supplementation with guanine nucleotide precursors in the culture media in 
which the auxotrophic organism is growing, to correct the defect. 

The screening system of the present invention has a number of 
advantages for the identification of specific IMPDH inhibitors: 

1 . The screening system is amenable to high throughput systems 
for the screening of inhibitors generated by combinatorial chemistry or by 
other methods. For example, a preferred embodiment utilizes multiple well 
microtiter plates and an automated system to dispense media and screen 
compounds. An example of an automated screening procedure designed for 
use with 96 well microtiter plates is in Strong-Gunderson and Palumbo 
(1994). A screening experiment with a bacterial host using microliter 
amounts of reagents can be completed in a minimum of several hours. 

Other screening permutations include metabolic activation of 
candidate chemicals as a resource for IMPDH inhibitors. Examples of such 
inhibitor generating systems include the injection of a recombinant host 
organism into an animal or culture of a recombinant host organism with a) an 
artificial system capable of producing putative IMPDH inhibitors; b) cell 
homogenate(s) (e.g. microsomes); c) cultured cells capable of generating 
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putative inhibitors by cellular synthesis or by metabolic activation of added 
components. In all such permutations, criteria for evaluating tMPDH 
inhibition remain the same; i.e. differential host cell grovA^h in the presence 
and absence of guanosine. 

2. The methods of the present invention are useful to screen for 
inhibitors to IMPDH that are derived from any source for which a DNA coding 
sequence is available. At the present time, 20-30 different IMPDH coding 
sequences from the eukaryotic, bacterial and archaeal domains are available 
in the DNA sequence databases 

3. The addition of exogenous guanosine is useful as a method to 
verify inhibitory chemicals that specifically target IMPDH and to distinguish 
action of the candidate inhibitors from other causes of host cell inhibition. 

4. The methods of the present invention can be used to identify 
inhibitors capable of differentially inhibiting IMPDH from organisms that are 
genetically dissimilar. 

5. An aspect of the present invention is the identification of 
specific IMPDH inhibitors, which are useful as the basis for the design of new 
pharmaceuticals. Inhibitors include antisense molecules and chemicals. 
New human IMPDH inhibitors are identified for use as chemotherapeutic 
agents for the treatment of neoplasms and viral diseases and as 
immunosuppressive agents. Inhibitors of bacterial, fungal, protozoan or viral 
IMPDH which do not inhibit the human or other mammalian enzymes, may be 
effective therapeutic agents. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates dose dependent inhibition of H712 growth. 

FIG. 2 illustrates assays of candidate inhibitors. 

FIG. 3 illustrates reduction of growth inhibition by guanosine. 
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DESCRIPTION OF THE PREFERRED EMBODIMENT 

Recombinant genetic methods of the present invention to screen for 
specific IMPDH inhibitors utilize a host organism that lacks a functional 
IMPDH enzyme. Specific inhibitors for a variety of IMPDH enzymes are 
identified utilizing a variant strain that is a guanine auxotroph. The strain 
includes in its genetic makeup a defect in the IMPDH gene and does not 
produce functional IMPDH enzyme. Such a strain requires an exogenous 
source of guanine or guanosine for growth. A suitable host is a bacterium 
such as E. cofi. Bacillus subtilis, and Proteus mirabilis, or a eukaryotic 
organism such as yeast, fungal or insect strains (e.g. Neurospora or 
Drosophila). Microbial hosts, such as bacteria are preferred. A preferred, 
bacterial strain of E. coli is designated H712 and requires the addition of a 
guanine nucleotide precursor(s) to the culture medium for cell growth. The 
H712 bacterial strain, originally described by Nijkamp, et al,, (1967), was 
selected to eliminate interference from a resident IMPDH enzyme during the 
screen for IMPDH inhibitors. It was obtained from the E. coli Genetic Stock 
Center. Yale University, New Haven, CT. 

To construct a vector, suitable for the practice of the invention, 
molecular (recombinant) techniques were used to insert the coding regions of 
the human or Streptococcus pyogenes IMPDH genes into a vector capable of 
expressing these genes in a host bacteria, e.g. the £. coli H712 bacteria. 
Bacteria containing this vector system produce the human or S. pyogenes 
IMPDH protein and no longer require the addition of guanosine to the culture 
medium for growth. Furthermore, the IMPDH enzymes produced in the E. coli 
host retain the biochemical and kinetic characteristics of the source (i.e., 
either human or S. pyogenes). 

This invention utilizes a combination of a host organism that is a 
guanine auxotroph, a recombinant DNA expression vector, and a screening 
system to identify specific inhibitors of IMPDH. The recombinant expression 
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vector has the properties of containing a prokaryotic, eukaryotic, or archaeal 
IMPDH coding sequence or a chimeric enzyme containing coding sequences 
from various natural or synthetic sources. These coding sequences have the 
ability to express a functional IMPDH enzyme in the host organism. The 
IMPDH product of this expression system is the target for a screening 
protocol to assess the specificity and potency of compounds inhibiting the 
growth of the host organism. The screening component of the invention 
takes advantage of several unique characteristics of IMPDH enzymes which 
are essential for the successful identification of inhibitors and the broad 
applicability of this invention to IMPDH enzymes from prokaryotic, eukaryotic. 
and archaeai organisms. 

A component of this method includes a prokaryotic, eukaryotic or 
archaeal host organism which is a guanine auxotroph with the specific 
characteristic that the organism is defective in the production of a functional 
IMPDH enzyme. An IMPDH defective organism allows expression of a non- 
native recombinant IMPDH enzyme without interference from the host IMPDH 
enzyme. Guanine auxotrophs with a specific IMPDH defect have been 
reported for both prokaryotic (Nijkamp and DeHann 1967; Freese a/., 1979) 
and eukaryotic (Greer and Wellman, 1980) organisms. 

General recombinant DNA methods have been described to generate 
specific auxotrophs via homologous recombination for both prokaryotic 
(Winans ef a/., 1985) and eukaryotic (Mortensen et aL, 1993) organisms. For 
the purpose of this invention, an aspect of which is identification of specific 
inhibitors of IMPDH, a variety of guanine auxotrophs are available and are 
suitable for incorporation in the screening procedure. Consideration of the 
eventual therapeutic target are factors such as availability, convenience or 
suitability for mass screening protocols are factors to consider in the 
selection of a specific host organism. Specific guidelines for the selection of 
an appropriate host organism include: 
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1. a host organism must be a guanine (or a derivative) auxotroph 
with a low reversion frequency; 

2. a host organism must be competent for transformation with the 
recombinant expression vector; 

3. the genome of a host cell must be compatible with the 
recombinant expression system to allow production of a functional IMPDH 
enzyme; 

4. the selection of a host organism with metabolic pathways similar 
to those of the therapeutic target organism (e.g. human) with respect to 
inhibitor activation or modification enhances clinical utility. 

Another component of the invention is a recombinant DNA vector 
system transfected Into, or used to transform, the host organism thereby 
generating a recombinant organism that is capable of producing a functional 
IMPDH enzyme. The expression vector used in the screening process must 
be compatible with the host organism. However, a variety of expression 
systems are available for both prokaryotic and eukaryotic organisms. These 
include specific expression systems such as the pPOLT7/pBET7 (Conrad et 
aA, 1996) or the pX (Kim et al., 1996) systems or more general expression 
vector such as pMMB66EH (Furste a/., 1986) which is suitable for 
expression in E. co//, Proteus mirabilis, Serratia marcescens, Pseudomonas 
aeruginosa and other gram negative bacteria. Similarly, there are many 
vectors suitable for expression in eukaryotic hosts (Roth. 1 994). A suitable 
broad host range vector for the practice of the invention is the plasmid 
pJF118EH, constructed by Furste ef a/., 1986. This expression system uses 
ampicillin resistance as a selectable marker and permits the regulated 
expression of foreign coding sequences in an £. coli host. The pJF1 18EH 
vector has the properties of inducible expression such that in the absence of 
an inducer the expression of the cloned foreign is low. Induction of the 
foreign gene is initiated by the addition of IPTG to the bacterial culture 
medium. Other similar expression vectors, whether inducible or constitutive, 
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are suitable for obtaining a recombinant host organism expressing a 
functional IMPDH enzyme. 

The combination of an expression system producing functional IMPDH 
and a guanine auxotroph allows the screening of agents targeting the 
expressed IMPDH product. The effects of various agents are assessed by 
their ability to inhibit host cell proliferation. Since IMPDH produces essential 
precursors for DNA and RNA biosynthesis, inhibition of IMPDH activity 
reduces the proliferation rate and thus provides an easily quantifiable marker 
to assess the effects of various agents that may affect the activity of IMPDH. 

However, there are chemicals that inhibit host cell proliferaUon 
regardless of whether or not the host is expressing a prokaryotic or 
eukaryotic IMPDH enzyme. To identify agents specifically targeting IMPDH, 
the inhibitor profile for a particular agent is compared to the same profile 
obtained when a guanine nucleotide precursor such as guanine or guanosine 
is added to the culture medium. Guanosine is a preferred agent due to its 
high solubility in aqueous solutions. These guanine nucleotide precursors 
are able to circumvent the block on IMPDH activity imposed by IMPDH 
inhibitors and are used to exclude nonspecific growth inhibitory or toxic 
compounds. Agents specifically targeting IMPDH exhibit a decreased ability 
to inhibit cell proliferation in the presence of guanine/guanosine while the 
growth Inhibitory effects of nonspecific or toxic agents are not ameliorated by 
guanine/guanosine. 

This invention utilizes a combination of auxotrophic host organisms 
and molecular expression techniques to provide a screening system suitable 
for the identification of specific inhibitors of IMPDH from a variety of sources. 
The novelty of the invention resides in the ability of this unique combination 
of the host organism, vector, and screening system to mimic the phenotype of 
the recombinant IMPDH enzyme. It is surprising that the expression of a 
single protein in a background of several thousand host cell proteins would 
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result in a phenotype sensitive to the characteristics of the recombinant 
protein. 

Although numerous recombinant proteins have been expressed in 
heterologous systems, there are no guidelines to insure that the protein will 
not be expressed as inclusion bodies or that the functional characteristics will 
be maintained. It is unpredictable whether expression will occur. It is even 
more unlikely that the recombinant protein would be able to replace the 
function of the host cell protein if the recombinant protein is genetically 
distinct. 

In this invention, the expression of a heterologous IMPDH enzyme in a 
bacterial system lacking an endogenous IMPDH enzyme permits the growth 
of a host bacterium, which is a guanine auxotroph, without the addition of 
guanine nucleotide precursors. This unusual characteristic of IMPDH 
enzymes is most likely attributable to functional conservation of IMPDH 
enzymes that allows IMPDH from multiple sources to be interchanged. Such 
a functional conservation may have been anticipated for genetically similar 
organisms, but is unexpected for IMPDH enzymes isolated from eukaryotic or 
genetically dissimilar organisms (Tiedeman and Smith, 1991; Huete-Perez 
a/., 1995). These characteristics of the recombinant host organism in 
conjunction with the use of guanosine as a component of the screening 
protocol permit the rapid identification of specific inhibitors of IMPDH from a 
variety of species. 

The biological role of IMPDH is the synthesis of precursors essential 
for nucleic acid biosynthesis. Because of this essential role, all free-living 
organisms contain the necessary genetic information to produce the enzyme. 
As a consequence, this invention has a general application to a broad range 
of organisms. The construction of the recombinant expression system entails 
the use of sequence information specific for IMPDH. However, the lack of 
available sequence information for a specific pathogenic organism does not 
necessarily limit the application of this invention for identification of potential 
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therapeutic agents. The inventors have derived the phylogenetic 
relationships for IMPDH enzymes from the eukaryotic, prokaryotic, and 
Archaeal domains of life using information in sequence databases (Collart et 
al., 1996). The phylogenetic tree derived for IMPDH enzymes is similar to 
5 trees developed using other molecular resources. These results suggest 

application of this screening method to IMPDH from a phylogenetically similar 
organism will provide therapeutic agents that have utility against a selected 
pathogenic organism for which an IMPDH coding region is not available. 
Sequence information specifying coding information for more that 25 IMPDH 
10 enzymes representing all three domains of life have been submitted to 

scientific databases (Table 3) and this number is certain to increase in the 
near future. 



Table 3. 



Organism 


Genbank 
Database 
Accession 
Number 


Organism 


Genbank 
Database 
Accession 
Number 


Homo sapiens 


J04208 


Streptococcus pyogenes 


U26056 


Cricetulus gn'seus 


J04209 


Haemophilus influenzae 


U32708I 


Mus musculus 


M98333 


Acinetobacter calcoaceticus 


X66859 


Drosophila melanogaster 


1^2608 


Mycobacterium tuberculosis 


Z77165 


Candida albicans 


U85049 


Mycobacterium leprae 


U00015 


Saccharomyces cerevisiae 


U21094 


Helicobacter pylori 


AE000594 


Pneumocystis carinii 


U42442 


Pyrococcus furiosus 


U08814 


Trypanosoma bmcei 


M97794 


Methanococcus jannaschii 


U67602 


Sacchammyces pombe 


Z9721 1 


Borrelia burgdorferi 


U 13372 


Leistimania donovani 


M55667 


Tritrichomonas foetus 


L18917 


Arabidops/s thai/ana 


L34684 


Ascaris lumbricoides 


M82838 


Baciilus subtiiis 


X55669 


Caenorhabd/tis elegans 


AF016427 


Escherichia coli 


M10101 


Synechocystis sp (PCC6803) 


D90910 


Chlorobium vibriofomne 


277165 


Methanobacterium 
thermoa utotrophicum 


AE00803 



15 With the present representation of IMPDH coding sequences, 

application of the method proposed in this invention will be useful for 
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identification of inhibitors of IMPDH enzymes from all the genetic primary 
lineages of life (e.g. eukaryotic, prokaryotic, Archaeal). 

The invention is also useful or the identification of inhibitors of 
pathogenic organisms which do not contain IMPDH coding regions. 
Examples of such agents might include various viruses, chlamydia, or other 
obligate intracellular pathogens. These agents utilize the host organisms' 
nucleotide pools and often are sensitive to agents that alter the host 
nucleotide balance. Such observations can account for the effectiveness the 
IMPDH inhibitor, ribavirin, in the treatment of RSV (Smith a/., 1991) and 
Hantavirus (Huggins, 1991 ) infections. These viral agents do not contain the 
genetic information for IMPDH but rely on host cell synthesis of guanine 
nucleotides for their metabolic requirements. However, these agents are 
sensitive to IMPDH inhibitors that alter host cell guanine nucleotide pools and 
subsequently suppress viral RNA synthesis. 

EXAMPLES 

The following examples are presented to exemplify not to limit aspects 
of the invention. 

Example 1: Expression of Exogenous IMPDH in a Recombinant Host. 

To illustrate the utility of the invention, the coding sequence of human 
and S. pyogenes IMPDH were cloned into the pJF1 18EH expression vector 
using standard molecular biological techniques (Perbal 1984; Huynh at aL, 
1985; Maniatis at ai, 1982), A source of the DNA, the Streptoccus pyogenes 
bacterium, is available from the ATCC (Accession No. 10090). For the S. 
pyogenes recombinant construct, the coding region of IMPDH was amplified 
from Streptococcus pyogenes genomic DNA (provided by Dr. Michael Boyle, 
Medical College of Ohio, Toledo, Ohio) using coding region-specific primers 
and a proof-reading polymerase (Pfu). The amplified fragment was cloned 
into a pJFI 18EH expression vector. This broad host range vector, 
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constructed by FCirste, et al. (1986), is suitable for protein expression in 
a variety of gram negative bacteria. The pJFI 18EH expression system uses 
ampicillin resistance as a selectable marker and permits the regulated 
expression of foreign coding sequences in an appropriate host. In the 
absence of an inducer, the expression of the cloned foreign gene is extremely 
low. Induction of foreign gene is initiated in a dose dependent manner by the 
addition of isopropyl-fi-D-thiogalactopyranoside (IPTG) to the bacterial 
culture medium. 

The expression construct containing the S. pyogenes IMPDH coding 
sequences was used to transform an E. coli H712 bacteria using ampicillin 
resistance as the selectable marker The H712 bacterium is a guanine 
auxotroph and requires the addition of a guanine nucleotide precursor(s) to 
the culture medium for growth. Use of this bacterial strain eliminates 
interference from the resident IMPDH enzyme during the screen for IMPDH 
inhibitors. The H712 variant was originally described by Nijkamp ef al., 
(1967) and was obtained through the E. coli genetic stock center at Yale 
University (New Haven, CT). Expression of S. pyogenes IMPDH was induced 
by the addition of isopropyl-fi-D-thiogaiactopyranoside (IPTG) to 0.5 mM. 

In a similar manner, coding sequences for human IMPDH were 
amplified from an expression system for human IMPDH (Hager ef a/., 1995), 
cloned into the pJFIIBEH plasmid, and used to transform H712 bacteria. 
Four clones containing the human IMPDH coding sequence (designated 
clones HI, H2, H3 and H4) and two clones containing the S. pyogenes 
IMPDH coding sequence (designated clones SI and S2) were used for 
subsequent experiments. Using SDS-PAGE analysis, all of these clones 
demonstrated expression of the IMPDH protein in the presence of IPTG. 

Other permutations that utilize different prokaryotic and eukaryotic 
host organisms and compatible expression vectors are also provided for in 
this invention. The prokaryotic bacterium. B. subti/is, is a suitable host 
organism for identification of specific IMPDH inhibitors. The coding regions 
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of the human and S. pyogenes IMPDH are amplified by PGR from genomic 
DNA using specific primers with flanking BamH\ sites. The amplified 
fragments are ligated into the BamHI site of the pX inducible expression 
vector (Kim et aL, 1996), available from the Bacillus Genetic Stock Center, 
The Ohio State University, Columbus, OH). The plasmids are transformed 
into B. subtilis strain 1 A294 (a guanine auxotroph available from the Bacillus 
Genetic Stock Center) and integrants are selected on LB plates (Maniatis 
et al. 1982) containing chloramphenicol (5 ^im/ml). Expression of the IMPDH 
enzyme is induced by the addition of 0.8% xylose to the culture medium. The 
ability of the host organism to produce functional IMPDH is validated by 
growth of the recombinant host organism on minimal medium containing 
methionine, tryptophan, and 0.8% xylose. 

Similar methods are employed for the generation of eukaryotic 
recombinant host organisms expressing functional IMPDH enzyme. 
A Neurospora crassa guanosine auxotroph is an appropriate fungal host 
organism. Coding regions of the human and S. pyogenes IMPDH are 
amplified by PCR and ligated into plasmid pGE (Neugenesis Corporation, 
Honolulu, Hi). The ligation products are transformed into an A/, crassa 
guanosine auxotroph using the procedures described by Rasmussen-Wilson 
et aL (1997). A suitable guanosine auxotroph is the gua-1 N. crassa strain 
characterized by Greer and Wellman (1980) and available from the Fungal 
Genetics Stock Center (Kansas City, KS). Expression of the IMPDH enzyme 
is induced by the addition of 1% glucose to the culture medium. The ability of 
the host organism to produce functional IMPDH is validated by gro\A^h of the 
recombinant host organism on Vogel's minimal medium (Davis and Serres, 
1970) containing 1% glucose. 

An appropriate insect host organism is a Drosophila melanogaster 
guanosine auxotroph,' Coding regions of the human and S. pyogenes IMPDH 
are amplified by PCR and ligated into plasmid pPAC (Berkowith, E.A. et aL 
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1997) and the ligation products are used to transform a D. melanogaster 
guanosine auxotroph using a lipofection reagent (e.g., CellFECTIN"^^, Life 
Technologies, Gaithersburg, MD). A suitable guanosine auxotroph is the 
burgua2-1 strain characterized by Johnstone et al. (1985). Transformed cells 
are maintained in Schneider's Medium (Life Technologies), 10% fetal bovine 
serium, 0,1 mM nonessential amino acids, and 50 ng/ml gentamicin. The 
ability of the host organism to produce functional IMPDH is validated by 
groNA^h of the recombinant host organism in Schneider's medium lacking 
which lacks a source of guanine nucleotides. 

Example 2: Selective growth of Recombinant IMPDH Host Organisms. 

Four H712 clones (plate areas with clones designated HI to H4) 
containing a recombinant expression vector for human IMPDH and two H712 
clones containing a recombinant expression vector for S. pyogenes IMPDH 
(plate areas with clones designated S1 and S2) were spread on culture 
plates containing ampicillin and minimal nutrients for cell growth. The growth 
medium consisted of M9 minimal agar media (Perbal, 1984) supplemented 
with thiamin, tyrosine, histidine, glutamine, and tryptophan. The clones were 
simultaneously streaked on minimal nutrient plates containing guanosine (30 
^xg/ml), IPTG (50 ^ig/ml) or IPTG plus MPA (50 |ag/m, a human, but not 
bacteria!, IMPDH inhibitor). Plates were incubated at 37°C overnight and 
bacterial growth assessed by visual inspection. Table 4 illustrates growth 
specificity of H712 clones expressing human (designated HI, H2, H3 and H4) 
or S. pyogenes (designated S1 and S2) IMPDH. 
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Table 4. Growth Specificity of H712 Clones Expressing human (HI. H2, H3. 
and H4) and S. pyogenes (S1 and S2) IMPDH. 



Plate 


H712 Clone 


Additions 


HI 


H2 


H3 


H4 


S1 


S2 


None (Control) 














Guanosine (30|j.g/nnl) 


+ 


+ 


+ 


+ 


+ 


+ 


IPTG (50ng/ml) 


+ 




+ 




+ 


+ 


IPTG+MPA (50^g/ml) 












+ 



+ = Bacterial growth 
- = No growth 



No gro\A/th was observed on the plate containing minimal media 
(without any additional components) confirming the auxotrophic phenotype 
and demonstrating the inability of the expression system to produce sufficient 
IMPDH in the absence of inducer to permit bacterial growth. Bacterial growth 
was observed on the plate containing guanosine confirming the observation 
that the H712 strain is defective in purine nucleotide synthesis. In 
conjunction with the previous controls, the growth on the plate containing 
IPTG indicated the ability of the induced product to compensate for the 
IMPDH deficiency in H712. This ability is attributable to the expression of the 
human or Streptococcal IMPDH enzymes. To establish that the growth is 
attributable to specific induction of IMPDH expression from the pJFUBEH 
expression plasmid, the expression clones were streaked on a minimal plate 
containing IPTG and mycophenolic acid (MPA). MPA is an effective inhibitor 
of human IMPDH but does not effectively inhibit IMPDH from S. pyogenes. 
On this plate, growth was only observed in plate areas SI and S2 
corresponding to bacterial clones that are expressing S. pyogenes IMPDH, 
These observations indicate the bacterial growth profile is attributable to the 
specific expression of either the human or S. pyogenes IMPDH enzymes. 
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Example 3: Dose Dependent inhibition of Recombinant Host Growth. 

To illustrate the practicality of screening for inhibitors using the 
invention, the indicated amounts of MPA (noted on FIG. 2 in ^ig) were added 
to 7mm filter disks and the disks were placed on a lawn of H712 bacteria 
containing the human IMPDH expression plasmid. MPA is known to be an 
effective inhibitor of the human IMPDH enzyme. A control disk containing the 
solvent but no inhibitor was placed in the center of the dish. The growth 
medium consisted of M9 minimal agar supplemented with thiamin, tyrosine, 
histidine, glutamine, and tryptophan and IPTG. The plate medium also 
contained iPTG for induction of enzyme expression. The dose dependent 
inhibition of bacterial growth illustrates the ability of this method to provide a 
quantitative indication of the level of inhibition and demonstrates the utility for 
application of this invention to a variety of screening procedures. 

Example 4: Assays of Candidate Inhibitors. 

To further illustrate the practicality of screening for inhibitors using the 
invention, various amounts of several different IMPDH inhibitors were added 
to 7mm filter disks and the disks placed on a lawn of H712 bacteria 
containing either the human or S. pyogenes IMPDH expression plasmid and 
IPTG for induction of enzyme expression. These inhibitors were selected on 
the basis of reports in the literature regarding specificity for inhibition of 
human IMPDH. Both MPA and Rb are clinically useful and MPA is known to 
inhibit human, but not bacterial IMPDH (Hupe at aL, 1986). The remaining 
inhibitors, Rb, Tz, and Mz, require cellular activation for utility as IMPDH 
inhibitors. These inhibitors are known to inhibit human IMPDH but their effect 
on bacterial IMPDH enzymes has not been investigated. The inhibitor disks 
were placed on a lawn of H712 bacteria containing either the human or S. 
pyogenes IMPDH expression plasmid and IPTG for the induction of enzyme 
expression, as indicated by a clear zone of growth inhibition. A control disk 
containing the solvent but no inhibitor was placed in the center of the dish. 
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The gro\A/th medium consisted of M9 minimal agar supplemented with thiamin, 
tyrosine, histidine, glutamine, and tryptophan and IPTG. After incubation at 
37 °C overnight, the plates were examined for inhibition of bacterial cell 
growth. For several of the inhibitors, a clear area was observed around the 
filters corresponding to the degree of growth inhibition. (FIG. 3) Various 
inhibition patterns were observed for bacteria containing the human or S. 
pyogenes IMPDH expression vectors that ranged from no inhibition, to 
inhibition of human IMPDH, to inhibition of both forms of IMPDH. 
Furthermore all of the growth inhibitory chemicals showed a differential 
between the low and high does. The inhibition profiles obtained with this 
panel of IMPDH inhibitors demonstrate the IMPDH enzyme produced in 
bacteria retains the biochemical and kinetic characteristics of the source (i.e. 
human or S. pyogenes). The results also illustrate the utility of this approach 
for identification of the inhibitory spectrum of IMPDH inhibitors. 

This example illustrates the ability of this invention to identify clinically 
useful features of the potential IMPDH inhibitors. Clinically useful agents 
must be transported into the target organism and may require activation for 
therapeutic effectiveness. In this screening procedure, the use of a host 
organism that mimics the characteristics of the eventual therapeutic target 
can provide useful information regarding clinically useful properties of 
potential therapeutic agents. The results demonstrate Rb and Mz are 
transported into the bacterial cells and are activated by the host system to a 
form, which is capable of inhibiting IMPDH. Thus, this method inherently 
excludes compounds that might be impermeable to the host organism. 
Alternatively, because many inhibitory compounds require activation by 
chemical modification, this method can be applied to determine the 
competency of a host organism for metabolic activation of IMPDH inhibitors. 
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Example 5: Guanosine Reduction of Growth Inhibition 
Due to Inhibition of IMPDH. 



To demonstrate that the observed grovA^h inhibition in Example 4 was 
specific for IMPDH, some of the inhibitor filter disks were placed on a lawn of 
H712 bacteria on plated supplemented with guanosine. The indicated 
amounts of MPA (noted on the filter, in pig) were added to 7mm filter disks 
and the disks placed on a lawn of H712 bacteria containing the human 
IMPDH expression plasmid. The growth medium consisted of M9 minimal 
agar supplemented with thiamin, tyrosine, histidine, glutamine, and 
tryptophan and IPTG with one of the plates containing 50 j^g/ml of guanosine. 
After incubation at 37*C overnight, the plates were examined for inhibition of 
bacterial cell growth. The restoration of bacterial growth on the plates 
containing exogenous guanosine (FIG. 4) indicates the specificity of this 
chemical for IMPDH. On these plates, the exogenous guanosine reduced the 
inhibitory effect of the mycophenolic acid. The ability of guanosine to 
ameliorate the growth inhibition indicates the specificity of these chemicals 
for IMPDH. 
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Claims 

1 . A method for identifying an inhibitor of IMPDH from a candidate 
inhibitor, said method comprising: 

(a) obtaining a recombinant auxotrophic strain that does not 
express a native IMPDH enzyme and expresses an IMPDH from another 
species in its cells; 

(b) applying the candidate inhibitor to cells of the strain; and 

(c) determining whether the candidate agent is an inhibitor 

of IMPDH. 

2. The method of claim 1, wherein the strain is bacterial. 

3. The method of claim 2, wherein the strain is an Escherichia coli 

strain. 

4. The method of claim 3, wherein the Escherichia coli strain is 
designated H712. 

5. The method of claim 2, wherein the strain is a Bacillus subtilus 

strain. 

6. The method of claim 1 , wherein the strain is eukaryotic. 

7. The method of claim 6, wherein the eukaryotic strain is 
Neurospora. 

8. The method of claim 6, wherein the strain is an insect strain. 

9. The method of claim 8, wherein the insect strain is Drosophila 

serani, 

10. The method of claim 1, wherein the IMPDH expressed from 
another species is from the species Homo sapiens. 
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11. The method of claim 1, wherein the IMPDH expressed from 
another species is from a bacterial species. 

12. The method of claim 11, wherein the bacterial species is 
Streptococcus pyogenes. 

13. The method of claim 1, wherein expression of IMPDH is 
induced. 

14. The method of claim 13, wherein expression is induced by 

!PTG- 

15. An guanosine auxotrophic host cell transformed with a 
recombinant DNA vector system capable of expressing IMPDH from a 
different species than the host. 
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